Silicon substituted calcium phosphates have been widely studied over the last ten years due to their enhanced osteogenic properties. Notwithstanding, the role of silicon on α-TCP reactivity is not clear yet. Therefore, the aim of this work was to evaluate the reactivity and the properties of Si-α-TCP in comparison to α-TCP. Precursor powders have similar properties regarding purity, particle size distribution and specific surface area, which allowed a better comparison of the Si effects on their reactivity and cements properties. Both Si-α-TCP and α-TCP hydrolyzed to a calcium-deficient hydroxyapatite when mixed with water but their conversion rates were different. Si-α-TCP exhibited a slower setting rate than α-TCP, i.e. k SSA for Si-TCP (0.021 g.m -2 .h -1 ) was almost four times lower than for α-TCP (0.072 g.m -2
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feasible and large scale procedures to promote the production of more accessible bone cements.
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Materials and methods
Preparation of TCP powders and bone cement
α-TCP and Si-α-TCP were synthesized by a solid state reaction from the appropriate mixture of lab made Mg-free CaCO 3 (Mg wt-% < 0.0180), CaHPO 4 (Mg wt-% < 0.0001) and CaSiO 3 (Mg wt-% < 0.0001) as described elsewhere [9] . Briefly, CaCO 3 and CaHPO 4 were mixed to prepare α-TCP, and 2 wt.% of CaSiO 3 was included in the mixture to prepare Si-TCP. The powders were calcined for 6 h at 1300ºC for α-TCP and 1200ºC for Si-TCP with a heating rate of 10ºC.min -1 . Afterwards, samples were let to cool down inside the furnace without quenching. Finally, the powders were milled in a horizontal ball mill for 48 h using an alumina gridding media of Ø15 mm and ball to powder ratio of 20:1 w/w.
The mixing liquid used in cements was an aqueous solution of Na 2 HPO 4 (2.5 wt.%) and C 6 H 8 O 7 (citric acid) (1.5 wt.%) in distilled water. Citric acid was employed as a liquid reducer agent and to promote a more homogeneous setting reaction due to its dispersant effect [36] , and Na 2 HPO 4 was added to accelerate the setting reaction due to the coomon-ion effect [37] .
Cements were prepared by mixing the powder and liquid in a ratio (L/P) of 0.60 mL.g -1 . The paste was introduced in Teflon molds (6 mm diameter x 12 mm height), and samples were immersed in 0.9 wt.% of NaCl solution at 37 ºC for setting.
Characterization of physico-chemical properties
X-Ray Fluorescence (XRF, Philips, MagiX Super Q Version 3.0) was used to evaluate the elemental composition (major and minor components), as well as Ca/P or Ca/(P+Si) ratios of the two TCP powders. X-Ray Diffraction (XRD, Bruker D8 Advance, CuKα, Ni filter, 20 to 40º (2θ), 0.02 º s -1 , 40kV and 40mA) was also used for qualitative and quantitative determination of the crystalline phases existing in the starting powders and set cements.
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JCPDS files used for phase identification were #09-0348 for α-TCP and #09-0169 for β-TCP.
For quantitative determination of β-TCP on the starting powders the internal standard method was employed, in which a diffraction line from the phase quantified (β-TCP) was compared to a diffraction line from a standard (Al 2 O 3 ) mixed with the sample in known proportions [38] .
The density of the TCP powders was measured by helium picnometry (Micromeritics, AccuPyc 1330), the specific surface area (SSA) was measured by nitrogen adsorption (Micromeritics, ASAP 2020) according to Brunauer-Emmett-Teller theory and the granulometry of the powder was determined by laser diffraction particle size analysis (Coulter Counter LS 13 320).
The hardening kinetics was monitored by measuring the compressive strength (MTS, Test
Star II) of wet samples after different time intervals (2, 4, 8, 24 , 72, 120, 168, 360 h), at least 10 cylindrical specimens were tested per condition. After that, samples were immersed in acetone for 2h to stop the setting reaction, and then dried at 100ºC overnight. The crystalline phase composition at each time point was assessed by XRD, (including a JCPDS file #46-0905 for CDHA). The conversion rate was determined by XRD following the procedure proposed by Ginebra et al. [39, 40] and Rigo et al. [41] . It is known that the mass fraction of a crystalline material present in a given sample is proportional to their XRD lines intensities.
To evaluate the evolution of the setting reaction of the cements studied, the rate of α-TCP conversion (α t ) was evaluated based on the evolution of its mass fraction with time as stated on Equation 1.
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Where w 0 is α-TCP mass fraction at initial time (t = 0 h), w ∞ is α-TCP mass fraction after the 168h of setting reaction and w t is α-TCP mass fraction at a determined time, t. At each time, α-TCP mass fraction was determined after its XRD lines (1 3 2), (1 1 3) and (1 0 7) integrated intensities (Equation 2) and an average value was established.
,0
Equation 2
Where I α is the integrated intensity of α-TCP (1 3 2), (1 1 3) or (1 0 7) XRD lines at a determined time, t; I α,0 is the integrated intensity of α-TCP (1 3 2), (1 1 3) or (1 0 7) XRD lines at initial time (t = 0h); M α is the is the mass absorption of α-TCP, 86.43 [40] ; M CDHA is the mass absorption of CDHA, 84.97 [40] ; w ß is the mass fraction of ß-TCP during setting reaction; w α is the mass fraction of α-TCP at a determined time, t and; w α,0 is the mass fraction of α-TCP at initial time (t = 0h). In this study, the external pattern method was employed [38] . The external pattern used in this work was β-TCP which is present in all samples and do not participate on the setting reaction, thus, its mass fraction is constant during all the process [5, 39, 40] .
Moreover, the evolution of the specific surface area and the microstructure during the setting reaction was assessed by N 2 adsorption and scanning electron microscopy (SEM, JEOL-6400) respectively.
Statistics
One-way analysis of variance (ANOVA) and 2 sample t-tests were performed to compare differences between the mean values of samples' compressive strength using a confidence level of 95 %. In ANOVA analysis, Tukey's comparison post hoc test was performed to assess differences in each pair of means. Normality and equal variances tests were conducted ACCEPTED MANUSCRIPT
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prior to ANOVA to guarantee that data followed Normal distribution and presented homoscedasticity. Figure 1 displays the XRD patterns of the synthesized TCP powders, which consist of almost pure α-TCP. Small amounts of β-TCP were also detected. The β-TCP content in α-TCP was 8 wt % and diminished to only 4 wt % in Si-α-TCP, thus confirming the efficacy of silicon doping in stabilizing the α-TCP crystalline phase, even at lower temperatures [27] .
Results and discussion
INSERT FIGURE 1
XRF results (Table 1) showed that in both Si-α-TCP and α-TCP the Ca/(P+Si) or Ca/P ratios were very similar to the expected ones, i.e. 1.5. Both TCP powders had very similar particle size distributions and specific surface areas as can be observed on Table 2 . Hence, it would be expected that both powders presented similar kinetics during their setting reaction since, despite of Si addition, powders' physical properties (SSA, mean particle size and particle size distribution) did not present a significant difference [42] [43] [44] .
INSERT TABLE 1
INSERT TABLE 2 Figure 2 shows the evolution of the XRD patterns with time. For both samples, α-TCP and hydroxyapatite were the main crystalline phases observed after different times of setting, confirming that the reaction consists on the dissolution of α-TCP particles and the precipitation of apatite crystals. In the case of Si-α-TCP cement, XRD peaks of apatite were only visible after 72 h, while for the α-TCP cement these peaks were already visible after 8 h.
Moreover, the decrease on the diffraction lines intensities for both samples was very different.
For instance, at 2 h of reaction, the (1 0 7) peak, i.e. the 100% relative intensity line for α-TCP (identified in Figure 2 by *), decreased its intensity around 30% for α-TCP, while it only decreased around 13% for Si-α-TCP. This discrepancy was observed during the entire setting
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reaction, which was complete after 168 h for both cements. These results suggested that silicon substitution reduced the reaction kinetics of Si-α-TCP.
INSERT FIGURE 2 Figure 3 shows the conversion rate (α t ) for Si-α-TCP and α-TCP cements. The experimental values obtained for both samples fitted in agreement with a model proposed in the literature [39] for α-TCP cement (Equation 3). The time constant (k) was also normalized with the SSA (k SSA ) as shown in Table 3 . Interestingly, k SSA for Si-TCP (0.021 g.m -2 .h -1 ) was almost four times lower than for α-TCP (0.072 g.m -2 .h -1 ) confirming that Si reduces the velocity of the cement setting reaction.
INSERT FIGURE 3
INSERT TABLE 3
The kinetics of the cement reaction was also evaluated by measuring the evolution of the compressive strength with time ( Figure 4 ) and the microstructure in the fracture surface ( Figure 5 ). The compressive strength increased as the setting reaction evolved (Figure 4 ). The increase, especially for the first 72 h, was more pronounced for α-TCP than for Si-α-TCP.
Whereas at 24 h α-TCP had already achieved 6 MPa, Si-α-TCP had only reached 0.6 MPa.
Even though compressive strength evolution was slower for Si-α-TCP, it reached a significantly higher (p < 0.05) mechanical resistance than α-TCP at 168 h. For both materials the mechanical properties were enhanced as a result of the setting reaction evolution and the entanglement of apatite crystals. Unreacted α-TCP particles were observed for both samples during the initial 72 h ( Figure 5 a-d) . Furthermore, the apatite crystals formed surrounding the TCP particles during the setting reaction were bigger crystals in α-TCP than in Si-α-TCP. In
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general, larger and lower amount of crystals have been ascribed to a lower number of nucleation points due to a lower degree of oversaturation in the cement paste [42, 43, 45] .
However, in this case the smaller size of the crystals formed on the particles of Si-α-TCP could be ascribed to a higher oversaturation. This would be apparently in contradiction with the lower conversion rate observed for Si-α-TCP. These results could be explained by a competing mechanism occurring to Si-α-TCP. The presence of silicon could result in the formation of an amorphous silicate or silica gel on the surface of TCP crystals [28] . This amorphous layer could decrease the reactivity of the reagent by hindering the dissolution of α-TCP particles and therefore slowing down the precipitation and growth of apatite crystals.
INSERT FIGURE 4 INSERT FIGURE 5
The smaller size of the precipitated apatite crystals ( Figure 5 ) for Si-α-TCP than for α-TCP at 168 h could explain the higher mechanical resistance (p < 0.05) for Si-α-TCP due to a more effective crystal entanglement with fewer pores entrapped between crystals. The mechanical properties achieved for both Si-α-TCP (12.80 ± 0.38 MPa) and α-TCP (11.44 ± 0.54 MPa)
were low compared to the values reported on the literature, 20 MPa for Si-TCP [26, 28] and 40 MPa for α-TCP [43] . The lower mechanical properties in the current study were ascribed to the higher liquid-to-powder ratio employed (0.6 mL.g -1
) which was needed in order to promote the ideal moldability of the CPC paste. Moreover, in contradiction with previous works [26, 28] , silicon did not reduce the final mechanical strength of the material but rather significantly increase it (p<0.05).
The difference on apatite crystals size was also observed by the evolution of SSA with time ( Figure 6 ). At short times (4 and 8h), a smaller SSA was observed for Si-TCP than for α-TCP.
The smaller SSA values observed at short times indicated a lower number of apatite crystals precipitated, which correlated well with the slower kinetics of Si-α-TCP observed by XRD. In
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A C C E P T E D M A N U S C R I P T contrast, at longer times (168 and 450 h) a higher SSA was determined for Si-α-TCP than for α-TCP, in accordance with the size of the crystals observed by SEM ( Figure 5 ).
INSERT FIGURE 6
In conjunction, the results showed that silicon substitution changed the reaction kinetics of α-TCP by reducing the material solubility [30] . The main reason for that could be the stabilization of the crystal structure provided by silicon substitution in some phosphate sites, leading to a structure with minor distortions [30, 46] . These results were unexpected since other works performed with hydroxyapatite have indicated that Si distorted the crystalline structure and, therefore, increased the solubility of the end product [47] .
The reason why Si slows down the reaction kinetics of α-TCP is still unclear. On one hand it could be speculated that during the dissolution and precipitation process that takes place, silicon may be involved in the formation of an amorphous silica gel on the surface of the TCP particles due to silicate ions liberation, as proposed by Hench in a well-accepted mechanism of biomineralization [48] . The formation of a silica-rich layer on the surface of the α-TCP could hinder its dissolution, delaying apatite precipitation and leading to a reduction on the setting reaction velocity [28, 30] . To determine the mechanism by which Si alters the reactivity of α-TCP was out the scope of this work and should be studied in a future work.
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Conclusion
Si-α-TCP was obtained with higher purity that its counterpart free of silicon (α-TCP). Both α-TCP and Si-α-TCP had similar particle size distributions and specific surface area. The evolution of the crystalline phases was evaluated when mixing the TCP compounds with water and the reactivity of Si-α-TCP was shown to be lower than that of α-TCP. Si-α-TCP produced a cement with higher mechanical properties which was ascribed to the smaller size of the entangled crystals. The smaller reactivity of Si-α-TCP could be due to the formation of an amorphous silicon layer hindering the dissolution of α-TCP particles and slowing down the reaction. Tables   Table 1 XRF Si-α-TCP 0.014 ± 1x10  The formation of a silica-rich layer on the surface of the Si-α-TCP could hinder its dissolution, delaying apatite precipitation and leading to a reduction on the setting reaction velocity
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